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ABSTRACT 

The  long-term  goals  of  this  research  were  to  understand  the  acoustic  reverberation  properties  of 
zooplankton  and  microstructure  and  to  apply  these  models,  along  with  advanced  instrumentation,  to 
further  our  understanding  of  biological  and  physical  processes  in  coastal  and  open  ocean  areas.  The 
approach  involved  a  combination  of  laboratory  and  in  situ  measurements  of  scattering  by  individual 
zooplankton,  development  of  acoustic  scattering  models,  development  of  broadband  physics-based 
classification  and  signal  processing  techniques,  surveying  coastal  waters  with  advanced  instrumentation, 
and  development  and  use  of  methods  for  discrimination  between,  and  quantification  of,  the  spatial  and 
temporal  patterns  of  biological  and  physical  processes.  Numerous  papers  were  published  in  peer- 
reviewed  scientific  journals  and  many  presentations  were  made  at  open  conferences.  The  results  were 
also  summarized  in  books  and  book  chapters.  Impact  on  the  scientific  and  navy  communities  was 
significant. 


LONG-TERM  GOALS: 

To  understand  the  acoustic  reverberation  properties  of  zooplankton  and  microstructure  and  to  apply  these 
models,  along  with  advanced  instrumentation,  to  further  our  understanding  of  biological  and  physical 
processes  in  coastal  and  open  ocean  areas. 


SCIENTIFIC  APPROACH: 

The  research  was  a  balance  of  experimentation  in  the  laboratory  and  in  local  waters,  development  and 
refinement  of  acoustic  scattering  models  of  zooplankton  and  microstructure,  development  of  broadband 
physics-based  classification  and  signal  processing  techniques,  surveying  coastal  waters  with  advanced 
instrumentation,  and  development  and  use  of  methods  for  discrimination  between,  and  quantification  of, 
the  spatial  and  temporal  patterns  of  biological  and  physical  processes. 


SUMMARY  OF  RESULTS: 

The  results  of  this  research  are  presented  in  detail  in  the  open  literature  publications  listed  at  the  end  of 
this  report.  The  results  are  summarized  as  follows: 

Fundamental  advances  have  been  made  on 

11  Controlled  measurements  of  acoustic  scattering  bv  zooplankton. 

Interpretation  of  acoustic  scattering  data  requires  understanding  the  fundamental  scattering  processes. 
Given  the  complexity  of  the  scatterers  (zooplankton  and  microstructure),  modeling  of  the  scattering 
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requires  controlled  measurements  of  the  scattering  in  order  to  identify  dominant  scattering  mechanisms 
and  to  sometimes  empirically  determine  key  model  parameters. 

Prior  to  this  project,  acoustic  scattering  measurements  had  been  conducted  in  the  laboratory  on  individual 
zooplankton.  Although  much  of  the  physics  of  the  scattering  had  been  revealed,  there  had  been  no  control 
over  orientation  of  the  individual,  an  important  modeling  parameter.  Furthermore,  all  data  had  been 
collected  near  the  surface  of  the  water,  which  left  the  question  of  the  depth-dependence  of  the  scattering 
of  gas-bearing  organisms.  Laboratory  measurements.  Our  laboratory  measurements  at  WHOI  in  this 
project  involved  measuring  the  acoustic  backscattering  over  all  angles  of  orientation  in  two  planes  of 
rotation  and  in  one-degree  increments.  The  measurements  were  made  for  two  major  classes  of 
organisms,  fluid-like  (decapod  shrimp)  and  elastic  shelled  (periwinkles,  chosen  for  their  similarity  to 
certain  shelled  zooplankton),  and  over  the  frequency  range  24  kHz  -  1  MHz.  Some  of  the  acoustic 
sensors  were  broadband.  The  resultant  data  revealed  the  dominant  scattering  mechanisms  as  a  function  of 
angle.  For  example,  at  certain  orientations,  the  acoustic  echo  from  inside  the  opercular  opening  of  the 
elastic-shelled  organism  was  significant.  In  situ  measurements.  In  addition,  in  situ  measurements  of 
acoustic  backscattering  were  made  of  gas-bearing  zooplankton  (siphonophores)  freely  swimming  at  then- 
natural  depth  by  use  of  a  remotely  operated  vehicle  (ROV)  with  co-located  acoustic  and  video  sensors. 
These  results  demonstrated  the  importance  of  the  gas  to  the  scattering,  even  at  depths  deeper  than 
experienced  in  the  laboratory. 

2s)  Acoustic  scattering  models  of  zooplankton. 

Using  the  results  of  the  controlled  measurements  of  acoustic  scattering  by  various  organisms,  the  acoustic 
scattering  models  were  significantly  advanced,  a)  Fluid-like  organisms.  The  models  involving  the  fluid¬ 
like  organisms  (such  as  decapod  shrimp  and  euphausiids)  are  now  quite  mature  and  reliable  over  a  wide 
range  of  conditions.  The  modeling  of  that  class  of  organism  was  based  on  the  acoustic  measurements  that 
span  a  wide  range  of  orientations  and  frequencies,  as  well  as  three-dimensional  morphological 
information  on  the  organisms  derived  from  computerized  tomography  (CT)  scans  of  the  organisms.  The 
scattering  model,  using  the  Distorted  Wave  Bom  Approximation  (DWBA),  is  a  three-dimensional  integral 
using  the  three-dimensional  morphological  information.  The  model  was  tested  over  a  wide  range  of 
conditions,  confirming  its  range  of  validity.  bl  Elastic-shelled  organisms.  The  modeling  of  the  elastic 
shelled  organisms  involved  advances  in  both  the  ray-based  models  as  well  as  one  that  describes  the 
scattered  energy  averaged  over  orientation.  Since  the  laboratory  measurements  revealed  significant 
scattered  rays  arising  from  the  front  interface,  a  Lamb  circumferential  wave,  and  a  ray  scattered  from 
inside  the  opercular  opening,  a  new  model  was  developed  to  incorporate  those  rays.  The  ray  theory 
involved  single-ping,  single-orientation  data.  In  order  to  emulate  field  conditions  where  the  orientation  of 
the  organism  spanned  a  range  of  orientations,  a  modal-series  solution  for  spherical  shells  was  adapted  to 
the  problem  and  shown  to  provide  reasonable  accuracy  over  a  wide  range  of  acoustic  frequencies,  c) 
Gas-bearing  organisms.  A  scattering  model  was  developed  that  incorporated  effects  due  to  the  tissue  as 
well  as  gas.  A  key  parameter  was  the  size  of  the  (gas)  pneumatophore  of  the  siphonophore,  which  was 
determined  from  measurement  after  capture  at  1  Atm  pressure  and  through  verification  when  modeling 
the  scattering  by  the  organisms  at  their  natural  depth. 

31  Broadband  signal  processing  methods. 

Through  use  of  a  cross-correlation  technique,  broadband  acoustic  echoes  were  temporally  compressed, 
allowing  dominant  scattering  features  of  the  organisms  to  be  resolved  in  the  along-range  direction.  This 
analysis  allowed  direct  confirmation  of  scattering  features  inferred  through  previous  analyses  of  the 
interference  patterns  in  the  broadband  spectral  data.  This  powerful  approach  was  used  both  as  a  tool  for 
developing  the  scattering  models  described  above,  but  was  also  used  as  a  classification  technique  as 
described  below.  A  distinct  advantage  of  using  this  temporal  technique  over  other  spectral  methods  is  the 
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inherent  improvement  in  the  signal-to-noise  ratio  (this  method  is  similar  to  the  well-known  matched  filter 
method). 

4!  Broadband  acoustic  classification  methods  for  individual  zooplankton. 

Two  methods  were  developed,  one  involving  the  spectral  domain  and  the  other  in  the  time  domain,  a) 
Spectral  domain.  Each  broadband  echo  from  a  given  organism  had  a  characteristic  pattern  specific  to  the 
anatomical  group,  size,  and  orientation.  The  spectrum  typically  had  a  series  of  peaks  and  nulls.  Although 
all  spectra  had  these  features,  regardless  of  animal  type,  the  statistical  behavior  of  the  spectra  varied  with 
animal  type.  Methods  were  developed  using  both  data  and  models  to  describe  the  statistical  behavior  and 
to  discriminate  between  animal  types,  given  an  ensemble  of  broadband  echoes,  b)  Time  domain.  Using 
the  pulse-compression  processing  of  the  broadband  echo  described  in  the  previous  section,  the  resultant 
time  series  contains  peaks  correlated  with  dominant  scattering  features  of  the  organism.  All  compressed 
pulse  signals  appeared  broadly  similar,  containing  a  series  of  peaks.  However,  the  separation  between  the 
peaks  was  shown  to  have  significant  differences,  statistically,  between  animal  types. 

5)  Surveys  of  zooplankton  and  microstructure  with  advanced  instrumentation. 

Through  ONR  DURIP  funding  (reported  elsewhere),  a  significant  advanced  sensor  platform  and 
associated  control  van,  winch,  and  handling  system  was  purchased  for  use  in  this  program.  The  system, 
towable  from  a  ship,  contained  acoustic  backscatter  transducers  (43  kHz  -  1  MHz)  looking  in  the  upward 
and  downward  directions,  a  video  plankton  recorder  (VPR),  bio-optical  sensors  matched  to  those  of  the 
SeaWifs  satellite  to  measure  water  properties,  and  various  environmental  sensors  including  a  CTD, 
fluorometer,  and  transmissometer.  The  system  was  used  in  five  cruises  in  the  Gulf  of  Maine  and  Georges 
Bank  area.  Other  measurements  were  conducted  at  the  same  time  with  a  MOCNESS  zooplankton  net 
system  and  a  vertical  cast  CTD.  These  surveys  provided  an  unprecedented  first-of-a-kind  set  of  data  in 
which  all  data  were  co-located,  all  sampled  at  high  resolution,  and  all  continuously  sampled  over 
scientifically  interesting  coastal  regions.  The  data  revealed  that,  depending  upon  the  depth  and  location, 
the  dominant  source  of  acoustic  scattering  varied  from  organism  to  organism  and  was  sometimes  from 
physical  microstructure. 

61  Interpretation  of  surveys. 

The  combination  of  acoustical,  video,  and  environmental  sensors  provided  high-resolution  information  on 
the  spatial  variability  of  various  zooplankton  and,  in  some  cases,  physical  microstructure.  With  the  broad 
frequency  coverage  of  the  acoustical  sensors,  discrimination  and  quantification  of  the  dominant  scatterers 
was  possible.  Since  the  scattering  signature  is  different  for  the  different  types  of  scatterers, 
microstructure  scattering  was  differentiated  from  scattering  by  organisms  in  a  region  where  there  was 
significant  near-surface  mixing.  Dissipation  rate  of  the  microstructure  and  size  of  euphausiids  below  the 
microstructure  were  estimated  from  the  scattering  data.  In  another  area,  the  presence  of  siphonophores 
was  quantified.  These  fragile  organisms  are  generally  undersampled  by  nets  as  nets  shred  them. 
However,  the  combination  of  acoustics  and  the  VPR  demonstrated  the  presence  of  a  significant  layer  of 
these  organisms.  The  data  also  revealed  a  layer  of  their  prey  directly  below  them. 


SIGNIFICANCE  AND  IMPACT  ON  THE  COMMUNITY 

Before  this  research  program  began,  a  common  misunderstanding  in  the  ocean  research  community  was 
that  the  strength  of  the  acoustic  echoes  from  aggregations  of  marine  organisms  increased  monotonically 
with  biomass.  That  is,  the  presence  of  more  biomass  gave  rise  to  a  larger  echo.  Our  studies  demonstrate 
definitely  that  this  generally  is  not  true  except  in  very  special  cases  where  monosize  monospecies  are 
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present.  For  example,  we  demonstrated  that  shelled  organisms  scattered  sound  19,000  times  more 
efficiently  than  certain  common  gelatinous  organisms.  Thus  a  patch  of  small,  shelled  zooplankton  with 
relatively  little  total  biomass  can  dominate  the  echo  when  co-occurring  with  gelatinous  organisms  with 
larger  total  biomass.  Using  the  scattering  models,  advanced  instrumentation,  and  associated  processing 
methods  developed  in  this  program,  we  have  demonstrated  the  means  by  which  the  complex  echoes  from 
mixed  aggregations  of  zooplankton  can  be  interpreted.  The  methods  involve  discrimination  between 
gross  anatomical  groups  of  organisms,  discrimination  between  organisms  and  microstructure,  and 
interpretation  of  the  echoes  in  terms  of  meaningful  biological  and  physical  parameters. 

One  major  outcome  of  our  studies  involved  quantification  of  the  presence  of  siphonophores,  a  fragile  gas¬ 
bearing  organism.  Because  of  their  fragility,  these  organisms  are  commonly  grossly  undersampled  as 
they  are  shredded  by  nets.  However,  by  use  of  our  acoustical  and  video  sensors,  along  with  scattering 
models,  we  have  been  able  to  detect  and  quantify  layers  of  siphonophores,  an  important  predator  of 
smaller  zooplankton. 

The  impact  and  transitions  due  to  our  research  are  summarized  as  follows: 

1)  Our  acoustic  scattering  models  are  being  used  around  the  world  by  marine  scientists.  Their  use  has 
either  involved  applying  software  that  we  have  sent  them  or  has  been  through  their  developing  their  own 
software  based  on  the  equations  we  published  in  the  open  literature. 

2)  Our  acoustic  scattering  models  have  been  used  by  Navy  laboratories  in  predictions  of  sonar 
performance.  There  is  one  high  frequency  acoustics  Navy  system  in  operation  today  (the  “standoff 
system”)  whose  design  is  based,  in  part,  on  our  scattering  models.  Furthermore,  our  models  have  been 
used  by  the  company  SAIC  to  explain  some  false  targets  of  the  MK48  ADCAP  torpedo  that  could  not 
otherwise  be  explained  by  returns  from  the  seafloor  and  sea  surface.  In  addition  to  direct  use  of  the 
zooplankton  models,  the  Navy  has  adapted  the  deformed  cylinder  formulations  that  had  served  as  a  basis 
for  the  zooplankton  models,  to  model  acoustic  scattering  by  submarines. 

3)  The  models  developed  for  shelled  zooplankton  for  this  project  have  been  adapted  to  describe  the 
acoustic  scattering  by  a  shell-covered  seafloor.  The  results  have  led  to  an  explanation,  to  first  order,  of 
the  acoustic  scattering  by  a  shell-covered  seafloor  in  the  ONR  SAX99  program. 
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